INTRODUCTION
Sheep was one of the first cattle species in being domesticated, dating back around 9000 yr ago. It is proposed that the sheep originated from at least three ancestral subspecies of wild mouflon, as inferred from multiple mitochondrial lineages (Guo et al., 2005; Chen et al., 2006; Chessa et al., 2009) . Eventually human migration, climate change, and selection for different purposes increased the number of breeds around the world to more than 2455.
According to the latest sheep inventory made by the Colombian Agricultural Institute (ICA) in 2013, Colombia has a total population of 1 142 893 sheep, which are distributed throughout the country. The departments which showed increased activity in sheep production were the departments of Guajira, Magdalena, Córdoba, Cesar, and Santander, who combined account for roughly 80% of the national sheep inventory.
The genetic foundation of Colombian sheep is mainly of creole wool animals with European descent and creole hair animals (commonly known as "camuros") with African descent. These creole animals were brought into the country about 500 yr ago during the conquest period. Up until now they have adapted to the harsh conditions of the Colombian tropics and have been characterized to be rustic, prolific, and resistant to ecto and endoparasites (Delgado et al., 2009 ).
Within Colombia it is possible to find various foreign animals which are brought mainly from Europe and other American countries. Some of the breeds include 'Katahdin', 'Santa Inés', 'Pelibuey', 'Dorset', 'Dorper', 'Hampshire', etc., which are preferred due to their growth performance compared with our creole animals but they do not have the same ability to adapt as well to the tropical conditions (Egito et al., 2002) .
The globalization of production systems and competition between breeds has led to the disappearance of many native breeds in the world (Tapio et al., 2010) . The Food and Agriculture Organization of the United Nations (FAO) has estimated that 36% of known sheep breeds in the world are either endangered or extinct (FAO, 2011) .
On the other hand, the use of a few superior genetic males for intensive mating can result in the reduction of the effective population size, increase the levels of inbreeding in the population, and finally, reduce the levels of genetic diversity within breeds. This is crucial to maintain throughout the generations because without this, our options for reproduction and genetic improvement could In Colombia the sheep production systems are managed under extensive conditions and mainly correspond to peasant production systems so their genetic management has led to increased homozygosity and hence productivity loss. The aim of this study was to determine the genetic diversity in 549 individuals corresponding to 13 sheep breeds in Colombia, using a panel of 11 microsatellite molecular markers. One hundred and fifty seven alleles were found (average of 14.27 alleles/locus), with a range of observed and expected heterozygosity from 0.44 to 0.84 and 0.67 to 0.86, respectively. Thirty-three of 143 Hardy Weinberg tests performed showed significant deviations (p < 0.05) due to a general lack of heterozygous individuals. The Fis ranged from 0.01 in Corriedale to 0.15 for the Persian Black Head breed, suggesting that there are presenting low to moderate levels of inbreeding. Overall, Colombian sheep showed high levels of genetic diversity which is very important for future selection and animal breeding programs. be limited to the extent that the unpredictable needs of the future will not be able to be satisfied (Kantanen et al., 1999; Li et al., 2007) .
The recent awareness campaigns for the conservation of genetic resources encouraged to carry out studies of genetic diversity in different breeds and species of livestock (Sodhi et al., 2006) . Several studies have successfully used microsatellite molecular markers to characterize the genetic diversity between breeds and species of livestock (Li et al., 2000; Baumung et al., 2006; Yang et al., 2008; Sollero et al., 2008; Arora et al., 2010; Kugonza et al., 2011; Dixit et al., 2012; Souza et al., 2012) because these markers have high polymorphism, co-dominant inheritance, abundance in the genome, selectively neutral behavior, easy access, and high reproducibility (Dodgson et al., 1997) .
The aim of this study was to determine the genetic diversity of Colombian sheep populations using a panel of 11 microsatellite molecular markers, to use this information in conservation and genetic improvement plans of Colombian sheep populations.
MATERIALS AND METHODS

Sampling
Fresh blood samples from 549 unrelated sheep from 13 breeds were taken: 'Blackbelly' (BB), 'Camuro' (CAM), 'Corriedale' (CRRD), 'Wool Creole' (CRL), 'Dorper' (DP), 'Dorset' (DS), 'Hampshire' (HAM), 'Katahdin' (KT), 'Mora Colombiana' (MORO), 'Pelibuey' (PBY), 'Persian Black Head' (PCN), 'Romney Marsh' (ROM), and 'Santa Inés' (STI). Samples were taken from 56 farms located in 11 departments (Antioquia, Boyacá, Caldas, Cesar, Córdoba, La Guajira, Magdalena, Risaralda, Santander, Sucre, and Valle del Cauca). Each sample was taken according to the recommendations made by the Global project for the maintenance of domestic animal genetic diversity (MoDAD; FAO, 1995) .
DNA extraction and genotyping
Genomic DNA of all samples was extracted from white blood cells using a commercial kit. Purity and concentration of each sample was quantified using a spectrophotometer (NanoDrop 2000, Thermo Scientific, Wilmington, Delaware, USA).
All microsatellites used in this study are part of a panel markers recommended by the International Society of Animal Genetics (ISAG)/FAO to study genetic diversity in sheep (FAO, 2011) . These markers were selected by taking into account the level of polymorphism previously detected in other studies and the location on different chromosomes.
In this study a total of eleven microsatellite molecular markers were amplified using the polymerase chain reaction (PCR) technique: BM1824, ILSTS5, ILSTS11, ILSTS28, MCM140, MAF214, MAF33, OarCB2256, SRCRSP1, SRCRSP5, and SRCRSP9. The reverse sequence of each primer was labeled with fluorochromes 6-FAM, VIC, NED (Applied Biosystems, Foster City, California, USA) in its 5' end.
Microsatellite markers were grouped in two multiplex for its amplification, making sure that overlaps between the amplification products were avoided.
The final volume of the PCR mix was 10 µL which contained 1X PCR buffer, 0.2 mM of each deoxynucleotides (dNTPs), 0.2 µM each primer, 1.85 U Hot Start Taq polymerase (ABM), 1.5 mM MgCl2, 1.14 µL GC Enhancer (Applied Biosystems), 1 µL DNA (~ 120 ng) and milliQ water to adjust the final volume.
The amplification of the microsatellite was performed in a PTC 100 thermal cycler (MJ Research Inc., Waltham, Massachusetts, USA) using the following temperature profile: initial denaturation at 95 °C for 5 min, followed by 35 cycles of 1.15 min at 95 °C, 45 s at 55 °C, and 1 min at 72 °C; and the final extension for 10 min at 72 °C.
The amplified products generated by PCR were analyzed by capillary electrophoresis using a genetic analyzer (310 Genetic Analyzer, Applied Biosystems). For the analysis a 500 LIZ internal lane size marker (500 bp; Applied Biosystems) was used and the program GeneMapper 4.1 (Applied Biosystems) was used to determine the allele size of each of the 549 samples analyzed.
Statistical analysis
The allele frequencies for all loci, observed (Na) and effective number of alleles (Ne) per locus, expected (He) and observed heterozygosity (Ho) and exclusion power (Ep) for each marker were estimated using the GenAIEx 6.5 software (Peakall and Smouse, 2012) .
The polymorphic information content (PIC) for each marker was estimated using the Excel Microsatellite Toolkit V 3.1.1 (Park, 2001) program.
Exact tests for deviations from Hardy Weinberg equilibrium (HW) by breed were estimated using Monte Carlo simulations via Markov chains with the software Genepop 4.2 (Rousset, 2008) .
The population structure was analyzed by Wright's F statistics (Fis, Fit, and Fst) as proposed by Weir and Cockerham (1984) using the program FSTAT version 2.9.3.2 (Goudet, 2002) . To estimate the significance of rates, random permutations of genotypes among samples (Jackknifing) were used.
Two methods were used to analyze genetic differentiation. First, the Nei's standard genetic distance (Nei, 1987) was estimated with GenAIEx 6.5 software to define the genetic differences among the 13 breeds analyzed. The genetic distance values were used to construct a consensus tree using the algorithm Unweighted Pair Group Method using Arithmetic averages (UPGMA) with MEGA software version 6 (Tamura et al., 2013) .
Second, the structure of the population and the degree of mixing were estimated using a model of Bayesian clustering of the program STRUCTURE (Pritchard et al., 2000) . The program estimates, using multiple loci genotypes to assign individuals to populations, individual mix proportions and deducts the number of parental populations (K) for a given sample. As suggested by several authors, the analysis included a mixture model with correlated allele frequencies (Pritchard et al., 2000; Zuccaro et al., 2008; Ciani et al., 2013) .
To obtain a representative K value, 13 independent runs for each K (1 ≤ K ≤ 13) were performed. For all runs a burn-in period of 200.000 generations followed by 1.000 000 interactions MCMC (Markov Chain Monte Carlo) was adopted. The most likely number of clusters or K (populations or breeds) present in the data set was calculated with the ΔK algorithm proposed by Evanno et al. (2005) .
RESULTS AND DISCUSSION
Genetic diversity of the general population
For the entire sheep population a total of 157 alleles were found in 549 animals genotyped for the 11 microsatellite loci. The number of alleles varied from 10 for loci SRCRSP5 and SRCRSP9 to 23 for the locus ILSTS28. We found an average of 14.27 alleles per locus, a value that is slightly higher than the 13.53 alleles per locus found by Zhong et al. (2010) in a population of 584 sheep (10 breeds) in China using 19 microsatellite markers. Several measures of genetic diversity estimated for each locus in the entire sheep population are shown in Table 1 .
The expected heterozygosity (He), which is considered the best estimator of genetic diversity in the population (Kim et al., 2002) , ranged from 0.67 for the locus ILSTS5 to 0.86 for the locus MAF33. The He average was 0.77 for the entire sheep population, a value that indicates that overall Colombian sheep population has a high genetic diversity. On the other hand, observed heterozygosity (Ho) ranged from 0.44 for SRCRSP5 locus to 0.84 for ILSTS28 locus. The Ho average was 0.68 for the 11 loci analyzed in the population. It is observed that in all cases Ho was less than He, except for the loci SRCRSP9 and ILSTS28 loci where it was higher. Similar results were found by Bozzi et al. (2009 ), Zhong et al. (2010 , and Gornas et al. (2011) , in sheep populations of Italy, China, and Sudan, respectively.
Polymorphic information content (PIC) for each marker ranged from 0.65 for the marker MAF 214 to 0.90 for the marker OarCB2256. The overall average for the 11 microsatellite loci was 0.74 and no marker showed PIC less than 0.5 indicating that all loci were highly polymorphic.
The high values of PIC and the high average number of alleles per locus indicate that the panel of 11 microsatellite molecular markers used in this research project is suitable for studies of genetic diversity in Colombian sheep, besides genetic linkage studies (Kayang et al., 2002) .
Exclusion power (EP) of each marker ranged from 0.45 for ILSTS5 to 0.72 for OarCB2256 and MAF33 markers. When EP of the 11 molecular markers used were combined we got a EP higher than 99.999%, which indicates that it is practically impossible to assign a false paternity using this panel of microsatellite markers in sheep.
The differences in the population structure evaluated by the Wright's fixation index showed that the average F is value, which describes the excess or deficit of heterozygotes within subpopulations (breeds in our case) was 0.09 (p < 0.05) and therefore different from zero. Various markers such SRCRSP5, BM1824, MAF 214, and ILSTS11 showed Fis values of 0.40, 0.22, 0.18, and 0.16, respectively, indicating that there is an excess of homozygous individuals in the subpopulations for these markers. The other remaining markers showed values below of 0.10.
The Fit fixation index, which measures the heterozygosity loss of the individual with respect to the overall population, was 0.13 (p < 0.05), indicating that there are a general lack of heterozygous individuals in the country's sheep population of 13%. The Fst index which measures the degree of genetic diversity explained by differences between breeds was 0.04. It is clear that the total genetic variation mostly corresponds to differences among individuals (96%) and only 4% is the result of differences between breeds. This result indicates that genetic variation measured by microsatellites markers showed a low degree of genetic differentiation among subpopulations or breeds. and who reported Fst ranges between 0.30 and 0.09. The genetic similarities between sheep breeds in Colombia are probably due to the interbreeding between populations, as a result of the sires flow between farms and also due to the lack of control in cross-breeding between individuals within sheep farms.
Genetic diversity between breeds
With regards to breeds, the average number of alleles per locus was 7.08. The highest number of alleles per locus was found in the creole hair sheep or CAM (11.91 alleles per locus), value that is higher than the 7.80 alleles per locus reported by Quiroz et al. (2007) Table 2 . The lowest Ho was presented in STI (0.63) and higher in HAM (0.74), while He showed the lowest value in MORO (0.70) and the highest in CAM (0.75). He and Ho do not differ widely among breeds, PCN showed the highest difference and ROM the lowest. In general, all breeds showed high genetic diversity for all loci analyzed.
Hardy Weinberg equilibrium tests for each breed from 11 microsatellites markers analyzed showed significant deviations (p < 0.05) in 33 of 143 HW tests performed (Table 3) , which is due to the heterozygote deficit in each breed. It was noted that only two breed ('Hampshire' and 'Mora Colombiana') of the 13 evaluated did not presented heterozygous deficit. The heterozygous deficit in the 11 remaining breeds can be attributed to several factors, including inbreeding and selection.
Estimated inbreeding (Fis) for each breed had an average value of 0.08, ranging from 0.01 for CRRD to 0.15 for PCN. All breeds showed Fis values above zero indicating that there is a general deficit of individual heterozygous in each breed. Among the causes of this heterozygous deficit in breeds could be inbreeding (mating between related individuals) and selection (Álvarez et al., 2012) and the presence of population substructure (Wahlund effect) (Nei, 1987) .
However, the main cause of the heterozygous deficit in the investigated sheep populations can be attributed to the inbreeding. Within the most visited farms in the investigation, inbreeding resulted from the lack of control in mating between animals which led to a lot of mating between related individuals, thus, eventually leading to the heterozygous reduction in the populations (Martínez et al., 2010) . On the other hand most of production systems in the country have one or two sires to mate with all the females of the herd, which could reduce significantly the genetic diversity in the populations and contribute to the reduction of heterozygous individuals in the population (Tolone et al., 2012) .
The matrix of Nei's standard genetic distance between breeds is represented in Table 4 and the corresponding phylogenetic tree is present in Figure 1 .
The Nei's standard genetic distance ranged from 0.07 between CAM and KT to 0.42 between DP and PBY. Three different clusters were identified. The first is composed by CAM, KT, PCN, BB, and PBY breeds which are characterized for being hairy sheep which originated in Africa (or from African sheep descent) except KT, which was created in North America but for its creation Caribbean hair sheep were used (Álvarez et al., 2012) . These breeds are the most widely distributed in tropical areas of the country and it is very common that most farms have individuals corresponding to these breeds and their F 1 crosses with the aim of increasing some production parameters in the offspring (Barrios, 2005) .
The second cluster is composed by ROM, CRRD, CRL, MORO, and HAM, which are wool breeds of European origin or descent (although CRRD breed comes from New Zealand, it was a cross-breed between European breeds such as 'Merino' and 'Lincoln'), and in Colombia inhabit highland tropical areas. It can be seen in the second cluster that although ROM and CRRD breeds are grouped in the same node, these breeds have different ancestral and geographical origins. Furthermore, according to sheep farmers and experts in Colombia these breeds converge in similar regions so it is common that mating among them has made it phenotypically difficult to distinguish one breed from another.
Colombian creole wool sheep CRL and MORO within the Colombian production systems are quite commonly used as the maternal breed for cross-breeding with CRRD, ROM, HAM, etc., in order to achieve an F 1 with better performance parameters and good adaptability to the conditions of high tropics, because of this there has been a high level of introgression of foreign breeds within the Colombian creole wool sheep population (Martínez et al., 2010) .
The third cluster is composed by DP, DS, and STI breeds. Although these breeds have different geographic origins, it is important to highlight that DP was created in South Africa due to crossing of DS and PCN breeds (Soma et al., 2012) . Therefore the results of the distance matrix and phylogenetic tree are consistent with the geographical location, breeds origin history, and the nurturing practices that genetically improve the individuals (interbreeding).
The population structure was analyzed using the STRUCTURE program with the expected number of clusters (K) ranging from 1 to 13. According with the method proposed by Evanno et al. (2005) it was assumed that K = 3 is the most likely number of ancestral populations that contribute to the genetic diversity observed in Colombian sheep breeds. No value of K showed a clear differentiation of any breed in a specific cluster and as the number K increases more complex patterns of mixture are observed (Figure 2) , proving that the Colombian sheep populations are very mixed.
This can be considered as the introgression between the proportions of genetic material derived from three ancestral populations, as evidenced by the most probable k value. The first ancestral population may be comprised of African sheep that were brought to America by the colonists and merchants, who derived the creole hair sheep CAM, BB, PBY, and PCN (Pastrana and Calderón, 1996) . The last ancestral group could be comprised by the European breeds that have been introduced to the country after colonization in order to make genetic improvement in both wool and hair creole sheep.
Overall, the analysis of phylogenetic groups and structures in the population shows a complex genetic structure of sheep breeds in Colombia, which are influenced by the reproductive and productive management that has been given to them, the geographical distribution throughout the national territory and the historical migration patterns from sheep that have accompanied human migrations, trade and colonization routes throughout history.
CONCLUSIONS
In conclusion, all 13 breeds evaluated in the project had a high genetic diversity for the 11 microsatellite loci evaluated because none were monomorphic, presented a large number of alleles and high polymorphic information content (PIC).
The combination of the 11 microsatellites used in this project is an effective method to assign parenthood in different sheep breeds in the country, with a higher combined exclusion probability than 99.99%.
All sheep breeds evaluated in this research project showed some degree of heterozygous deficiencies in their population which is mainly attributed to the inbreeding and the presence of substructure in the sheep populations (Wahlund effect). As we discussed, in many of the farms visited the animals are maintained under traditional production systems which have no control in the cross-breeding of animals which reduces heterozygosity in the populations.
Finally, this study contributes to understand the genetic structure and molecular characterization of the Colombian sheep population. To protect creole sheep breeds effectively, the genetic diversity of the populations should be included in decisions for future conservation plans of national genetic resources.
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